The diversity of bacteria present in the caecum of the rabbit was investigated. Partial bacterial 16S rRNA genes from a digested sample collected from the caecum of an adult rabbit were amplified by PCR. Sequence analysis of the amplified fragments indicated highest similarity was to bacterial sequences previously described from other gut environments. However, only one sequence showed significant identity (97% threshold) to any previously described bacterial 16S rRNA genes. Furthermore, most of the sequences clustered together in groups lacking representatives from sequences already described, suggesting that the rabbit caecal flora contains organisms not previously described.
Introduction
The microbial diversity of the digestive tract in an animal can provide an indication of the type of metabolism being undertaken during the digestion of food sources. The significance of this to animals that are either agriculturally or commercially important is demonstrated by a number of recent publications which investigate the composition and fluctuation within the microbial population of the guts of a number of animals [1] [2] [3] . These studies have not included any analysis of microbial diversity from the digestive tract of any caecotrophic species.
Caecotrophic animals -mammals, such as rabbits, lemurs, guinea pigs, chinchillas and hares -select the finer particles (<0.3 mm) leaving their caecum by antiperistaltic movements from the proximal colon and excrete them as soft faeces, that are re-ingested as a way of recycling of protein from microbial origin. The most commercially important of these species is the rabbit, with rabbit production being a significant economical activity in the Mediterranean area and South America. Since none of these species has had the 16S rRNA population of its gut microbiota characterised, it is unknown if the microbial population of a caecotrophic species is likely to differ significantly from those of other herbivorous species. Previous studies on the bacterial composition of the rabbit caecum have concentrated on identification of specific species by hybridization studies [4, 5] or on studying organisms which can be grown in vitro [5] [6] [7] [8] [9] . The former approach is limited to being only able to detect organisms which have already been well studiedand is likely to miss organisms which as yet have not been described. The second approach fails to identify those organisms which cannot, as yet, be grown in culture.
If other gut environments are to be used as a guide, a significant proportion of the rabbit gut microbiota may still remain to be characterised, which would not have been detected by any of the aforementioned approaches. 16S rRNA gene libraries enable the recovery of novel sequence information, without prior knowledge of the ecosystem being studied and the need for cultivation. No caecotrophic species has had the 16S rRNA population of its gut microbia characterised, and so it is also unknown if the caecal microbial population of caecotrophic species is similar or distinct from those of other herbivorous species. The work presented here is the first case study performed on the bacterial diversity of the rabbit caecum, using a PCR-based approach.
Material and methods
Two New Zealand growing rabbits were weaned at 28 days of age and slaughtered after 28 days of intensive production regime according to the protocols of the Comité Etico de Experimentació n Animal of the University of Zaragoza, and their caeca were excised. Samples of caecal contents were immediately frozen in liquid nitrogen and stored at À80°C until analysis. Fractions (approximately 2 ml) of caecal contents were taken from each sample, thawed on ice and combined prior to DNA extraction. DNA was isolated using a QIAamp Ò DNA Stool Mini Kit (QIAGEN Ltd., West Sussex, England) following the manufacturerÕs instructions. Fragments of 16S rRNA genes were amplified from the extracted DNA by PCR using ''universal'' bacterial primers CAC GGA CCG GAC GGG TGA GTA ACA CG (Escherichia coli position 124) [10] and ACG GCT ACC TTG TTA CGA CTT) (E. coli position 1500) [11] . PCR conditions used were as follows: 1 cycle (94°C for 4 min, 60°C for 1 min, 72°C for 1 min); 30 cycles (94°C for 1 min, 60°C for 1 min, 72°C for 1 min); 1 cycle (94°C for 1 min, 60°C for 1 min, 72°C for 5 min). The resulting amplicons were cloned into the TA Vector (Invitrogen, Paisley, Scotland) and 96 clones were selected at random as candidates for sequencing.
Plasmids were isolated from recombinant colonies and checked for inserts by digestion with a cocktail of restriction enzymes (MspI, CfoI and AluI). This verification process was also used to check that the plasmids which had been isolated represented 16S rRNA genes from a variety of different organisms. The inserts were sequenced in both directions using an ABI Prism BigDye terminator sequencing ready reaction kit (Perkin Elmer Corporation, Norwalk, CT, USA) on an ABI Prism 377XL DNA sequencer (Perkin Elmer Corporation).
DNA sequences were analysed by BLASTN searching to determine the highest database matches for all sequences. The 10 best hits for each sequence, together with the newly identified sequences were used to construct a tree to investigate the diversity of organisms present, relative to the known diversity of the closest database matches.
Sequences were aligned using CLUSTAL W [12] with a PHYLIP output, and the generated alignment was trimmed using GeneDoc software [13] to give a uniform length of approximately 1 kb. The trimmed alignment was checked manually and corrected for any obvious misalignments that had been generated. Sequences were then analysed using the PHYLIP [14] suite of programs (DNAdist followed by Neighbor). The validity of the topography of the tree was determined by repeating the process by bootstrapping, using 1000 iterations (Seqboot, DNAdist, Neighbor and Consense). The Treefile output from Consense was then viewed with TREE-VIEW [15] .
Results
In total 46 new sequences were obtained from the 96 colonies picked as candidates for sequencing. The other clones were discounted on the basis of either only partial sequences being cloned, the plasmid insert arising from primer dimers, or the insert failing to produce high quality sequencing (possibly due to more than one plasmid transforming the E. coli cell). These have been deposited in the EBI database with accession numbers AJ863512-AJ863557. Two of these sequences (clones 956 and 992) shared 99% identity, and another two (clones 948 and 986) shared 98% identity. All other isolates shared less than 97% identity. Based on a 97% identity threshold for species definition [16] we consider this a report of 44 novel species.
The distribution of sequences from the rabbit caecum can be seen in Fig. 1 . All bootstrap values of 50% or greater are indicated in the tree. The newly reported sequences are shown in red, and those from characterised species, or genera, are shown in blue. The sequences generated from this study cluster into six groups, as indicated on the tree.
Cluster 1 contains four novel sequences (clones 904, 936, 938 and 939) plus a sequence from an acetate utilising bacterium. This cluster is supported with strong bootstrap values, but has long branches, indicating that there is low identity between sequences in this area of the tree.
Cluster 2 contains a single novel sequence (clone 929), which clusters together with sequences from non-cultivated organisms -one from human faecal material, and the other from the caecum of a broiler chicken. This area is again supported by strong bootstrap values, but again the branches in this area of the tree are long. , which can be considered as 22 different species, based on a sequence identity cut off of 97%. The cluster is supported with strong bootstrap values, but has many long branches. Within this cluster there is no representation from any other 16S rRNA sequence. The next nearest neighbours are two sequences from Eubacterium plexicaudatum. However, the highest identity level between any of the novel sequences and those from E. plexicaudatum is only 91%, suggesting that the organisms from which our sequences were obtained are not closely related to this species.
Cluster 4 contains 11 novel sequences (clones 931, 944, 952, 955, 966, 969, 977, 979, 980, 981 and 989) together with a number of sequences from non-cultivated organisms. Sequences isolated from the rumen, the pig gut and pig faecal material are all represented in this area of the tree, demonstrating that at least some of the novel isolates have been extracted from organisms which are similar to those in other digestive systems. It is interesting to note that this area of the tree also contains the only sequence which has over 97% identity with a sequence previously described -isolate 977 sharing 97% identity with a sequence from a bacterium from the pig gut, and a sequence from a bacterium from the rumen (neither of which is from an organism which has been grown in culture). In addition, isolate 977 shows a minimum of 95% sequence identity with a total of 15 sequences in this part of the tree -coming from both rumen and pig sources.
Cluster 5 contains two novel sequences (clones 927 and 928) together with sequences from a number of other gut environments; rumen caecum of broiler chickens, pig gut and termite gut. The cluster is supported with strong bootstrap values, but again is characterised by long branches.
Cluster 6 contains four novel sequences (clones 902, 945, 957 and 974) plus sequences from human and mouse guts, and Verrucomicrobia bacteria. The cluster is supported with strong bootstrap values, but again is characterised by long branches. This group is present in most mammalian gut systems although they are normally only a minor component of the total population size. For example, a recent review of the bacterial diversity within the rumen [1] found only two of 181 detected operational taxonomic units (at both the >97% and >95% identity criterion) falling within this group. However, from this limited study the proportion of this group appears to be much higher in the rabbit (9%). Whether this is a general feature of the rabbit microbiota remains to be validated.
In general, sequence identity levels to organisms previously described as being found in the caecum of the rabbit are relatively low (Table 1) . Only X85098 met the criteria necessary for inclusion in tree construction. This sequence is located in the block of Clostridium, Ruminococcus and related species which lies horizontally between Clusters 4 and 5.
Discussion
Despite the fact that the closest database matches were used in the tree construction, many of the sequences described here do not cluster closely with these sequences following tree construction. This, coupled with the abundance of long branch lengths in many areas of the tree is indicative of these sequences having been isolated from previously unknown species.
It is also interesting to note that around half (24 out of 46) of the new sequences lie within Cluster 3, and that the only sequences present in this cluster are the sequences reported here (i.e., there are no existing sequences from the database included in Cluster 3). Within this cluster, there are a number of relatively long branches, and it is possible that this cluster represents a higher taxonomic lineage (i.e., above species, and probably genus level) which has not previously been described in other gut systems. Clearly, due to their abundance, these organisms are important to the physiological conditions associated with the rabbit gut, and may be important in allowing rabbits to adopt a caecotrophic lifestyle.
However, other clusters contain both novel sequences and those from other gut systems. For example, clone 977 shares 97% identity with a sequence from a bacterium from the pig gut, and a sequence from a bacterium from the rumen (neither of which is from an organism which has been recovered in culture). In addition, clone 977 shows a minimum of 95% sequence identity with a total 15 sequences in this part of the tree -coming from both rumen and pig sources. Rumen, pig gut and pig faecal material are all represented in the core part of Cluster 4, demonstrating that at least some of the novel clones detected within this lineage are from microorganisms similar to those already known to be present in other digestive systems. On this basis, it is probable that this cluster contains bacteria generally suited to the anaerobic gut environment. In contrast to 16S rRNA gene libraries of other mammalian gut ecosystems it is interesting to note that this study did not detect any clone which fits within the Prevotella/Bacteroides group. This group of organisms has previously been detected in the caecum of the rabbit [4] , as have a number other microorganisms. None of these is found as a major representative in our analysis. The poor correlation of the library sequences from this study to known rabbit microbiota maybe due to a variety of reasons. The number of clones sequenced may have restricted the representation and coverage of the library, however application of coverage estimators [17] indicate that with 44 OTUs being detected from 46 clones, coverage is relatively high for the size of library used (data not shown).
Regardless of arguments concerning absence of specific organisms within this work, it is clear that the rabbit gut contains multiple novel lineages which have never been described before. The high proportion of clones grouping within the novel Cluster 3 for example clearly suggests that this gut ecosystem contains lineages which are not closely related to any organisms reported previously, suggesting that caecotrophic species may have gut microfloral requirements different from those of other organisms.
In conclusion, the rabbit caecal microbiota is diverse, with the majority of taxa detected in this study representing not just novel species, but also taxonomic lineages. The novelty of the detected diversity, which is high even relative to similar work performed recently on other gut systems [2, 3] , may be due to the fact that the rabbit is a caecotrophic species. The type of bacteria which are necessary in this environment, with the specific physiological conditions such as those of the rabbit caecum (e.g., rate of passage, characteristics of the input substrate, content density) may differ significantly from those necessary in other herbivorous digestive tracts. Confirmation of this hypothesis would require ribotyping of the bacterial population of another caecotrophic species to determine if sequences similar to those described here are present in other caecotrophic organisms.
